Abstract. The study of photon interactions with matter is very important in many fields such as scientific, industry, medical imaging, biological applications, dosimetry, and radiation shielding for their potential use in radiation physics. Scintillating materials become a main part in detection and spectroscopy of high energy photons. The goal of this work is to study an interaction of 662 keV γ-rays with scintillating materials, namely the LYSO(Ce) and BGO crystals. The light output, energy resolution, intrinsic resolution, and photo-fraction of both crystals with the same size of 5x5x3 mm 3 were measured using photomultiplier tube (PMT) readout. The result showed that the light yield of the LYSO(Ce) crystal is much better than that of the BGO crystal, while its photo-fraction is worse than that of the BGO crystal.
Introduction
The scintillator is a crystal or material which changes incident X/γ-rays to the UV/visible light. The last decade, the scientists had seen the introduction of several new high luminosity scintillators, in particular Ce-doped complex oxide crystals, which are hopeful candidates for these applications [1] [2] [3] [4] . Lu 2 SiO 5 :Ce (LSO(Ce)) [5, 6] and (Lu,Y) 2 SiO 5 :Ce (LYSO(Ce)) [6, 7] have been developed as promising scintillators for positron emission tomography (PET) due to their desirable properties such as high density, fast decay time, high light output and non-hygroscopic. Both crystals have the same emission wavelength at 420 nm and give high light yields up to about 30,000 -40,000 ph/MeV [5] [6] [7] . The aim of this work is to study an interaction of 662 keV γ-rays with the LYSO(Ce) and BGO single crystal scintillators. The photoelectron yield and energy resolution for 662 keV γ-rays were measured using PMT readout and the intrinsic resolution of both crystals was evaluated. The approximate photo-fraction for both crystals at 662 keV γ-rays was also computed.
Experimental Procedure
The photoelectron yield, represented a number of photoelectrons per MeV (phe/MeV), was measured by Bertolaccini method [8] . In this method the number of photoelectrons is calculated by comparing the position of a photo-peak of γ-rays detected in the crystal with that of the single photoelectron peak from the photocathode in PMT, together with the gain of PMT. Two crystals, namely cerium-doped lutetium-yttrium oxyorthosilicate (Lu 1.8 Y 0.2 SiO 5 (Ce), LYSO(Ce)) and bismuth germinate (Bi 4 Ge 3 O 12 , BGO), with the same size of 5x5x3 mm 3 , were brought from Kinheng Crystal Material (Shanghai) Co., Ltd. (P.R.China). We optically connected each crystal to PMT (number R1306 by Hamamatsu Photonics) using silicone grease. The 662 keV gamma source was aligned along the cylindrical axis of the crystal and the PMT. The signal from the PMT anode was transmitted to a preamplifier (Canberra 2007B) and was again transmitted to an amplifier (Canberra 2022). A shaping time constant of 0.5 µs was used with both crystals. The energy spectrum was analyzed with software of Canberra multichannel analyzer (MCA) and then recorded. All experiments were performed at room temperature (RT).
Results and Discussion
Photon Yield and Energy Resolution. Fig. 1 presents the energy spectra of 662 keV γ-rays from a 137 Cs source received from the LYSO(Ce) and BGO crystals. The energy resolution of the LYSO(Ce) crystal is 11.4% which is better than the value of 12.9% received from the BGO crystal. LYSO(Ce) 6,410 ± 320 22,900 ± 2,300 11.4 ± 0.6 BGO 950 ± 50 3,700 ± 400 12.9 ± 0.7 Table 1 shows comparative values of photoelectron yield, photon yield and energy resolution at 662 keV γ-rays from 137 Cs source for the studied crystals connected to the Hamamatsu photonics R1306
PMT, as measured at 0.5 µs shaping time constant in the amplifier. The LYSO(Ce) crystal showed a photoelectron yield of 6,410 phe/MeV. This value corresponds to about 22,900 photons/MeV (ph/MeV) at the PMT photocathode quantum efficiency (QE) of 28% for the emission wavelength at 420 nm. The tested BGO crystal showed a photoelectron yield of 950 phe/MeV. This value corresponds to about 3,700 ph/MeV at a QE of 26% for the emission wavelength at 480 nm. The photoelectron yield of the LYSO(Ce) crystal is about six times of the BGO, see Fig. 1 (positions of photo-peak for both crystals). However, the energy resolution of the LYSO(Ce) crystal is not much different from the BGO.
In ref. [9] , the energy resolution (∆E/E) of photo-peak, measured with a crystal connected to a PMT, can be calculated as follows
where δ sc is the intrinsic resolution of the crystal, δ p is the transfer resolution and δ st is the statistical contribution of PMT to the resolution.
The PMT resolution can be expressed as
where N is the number of the photoelectrons and ε is the variance of the electron multiplier gain which equal to 0.1 for an R1306 PMT. The transfer resolution is very small compared to the other components, particularly in the dedicated experiments. If δ p is negligible, intrinsic resolution δ sc of a crystal becomes (δ sc ) In Table 2 , the spectrometry of the gamma ray at 662 keV, we summarize the energy resolution of the studied crystals. The contribution of various components to the overall energy resolution was analyzed for 662 keV photo-peaks. The second column provides N, which is the number of photoelectrons produced from the photocathode in the PMT. The third column provides ∆E/E, which is the overall energy resolution at 662 keV photo-peaks. The PMT resolution (δ st ) was determined by using (2) . From the values of ∆E/E and δ st , the intrinsic resolution (δ sc ) was calculated by using (3). The energy resolution of both crystals is relatively comparable even though the LYSO(Ce) crystal seems to produce a high light output (6-fold comparing with BGO). But the intrinsic resolution of the LYSO(Ce) crystal is poorer than that of the BGO crystal. This results the energy resolution of the LYSO(Ce) crystal as good as we expected. The intrinsic resolution of the LYSO(Ce) crystal can be improved by requiring more homogenous crystal and less defects in the growth process. If so, the energy resolution would be better as we expected. Photo-fraction. The photo-fraction is used here as the ratio of area under the photo-peak to the total area of the spectrum as measured at particular γ-ray energy. In fact, the area under the photo-peak is the result of gamma ray photons losing the whole energy to the crystal. The rest area under spectrum is called the Compton area, which is the result of gamma ray photons losing the some energy to the crystal, see Fig. 1 . In Table 3 shows the photo-fraction for the LYSO(Ce) and BGO crystals at 662 keV γ-rays. For a comparison, the ratio of the cross-sections (σ-ratio) for the photoelectric effect to the total one evaluated using WinXCom program [10] are presented too. The data reveals that the BGO crystal shows higher photo-fraction and σ-ratio than the LYSO(Ce) crystal. The reason is due to much higher effective atomic number (Z eff ) of the LYSO(Ce) crystal.
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Note that a much higher value of the photo-fraction compared with the σ-ratio for both tested crystals due to the thickness of the samples. It would create the multiple Compton scattering resulting a board of photo-peak.
Conclusions
In this work, the interaction of 662 keV γ-rays with the LYSO(Ce) and BGO crystals were tested. The energy resolution of the LYSO(Ce) and BGO crystals is relatively comparable even though the LYSO(Ce) crystal seems to produce a high light output. But the intrinsic resolution of the LYSO(Ce) crystal is poorer than that of the BGO crystal. This results the high energy resolution of the LYSO(Ce) crystal which is not as good as we expected. Moreover, imperfect of Ce-doped in the LYSO(Ce) crystal could affect the energy resolution. The crystalline quality of this crystal could be further improved in the growth process. The BGO crystal showed much higher photo-fraction than the LYSO(Ce) crystals due to its higher Z eff . However, both crystals seem to be suitable for energetic gamma ray detection.
